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(54) ARTIFICIAL NEURAL CANAL 

(57) The present invention offers an artificial tube 
for nerve which can remain in the body until the nerve 
regenerates while does not remain as a foreign body in 
the body following nerve regeneration, and which 
induces axons regenerated from severed nerve stumps, 
can promote infiltration of blood capillaries from the 
body and regeneration of nerve tissue. The present 
invention comprises a tube 10 or 20 having coating lay- 
ers 12, 13 or 22, 23 composed of gelatin or collagen on 
the inner and outer surfaces of a tube 11 or 21 com- 
posed of a materia] being biodegradable and absorba- 
ble in vivo, and a collagen body 30 or 40 having cavities 
32, 33 or 41 which pass through said tube so as to be 
substantially parallel to the axis of said tube; wherein, 
said cavities are filled with a matrix gel. 
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Description 

Technical Field 

[0001] The present invention relates to an artificial 
tube for nerve. 

Background Art 

[0002] In the case of peripheral nerve is severed sur- 
gically or severed due to injury, an initial attempt is 
made to directly anastomose the stumps of the severed 
peripheral nerve. In many cases, however, it is impossi- 
ble to accurately anastomose the severed nerve directly 
resulting in the nerve being left in the severed state. 
Consequently, although the nerve attempts to regener- 
ate towards the distal side, it is impaired by connective 
tissue. Hence, regeneration stops with the formation of 
a neuroma at the severed end without reaching the neu- 
ral stump on the distal side. As a result, the function of 
the severed nerve is frequently not restored after the 
surgical wound or injury has healed, and sequella 
remain. In cases in which direct anastomosis is impos- 
sible, a peripheral nerve having a function which is not 
very important may be partially excised from the same 
patient, and autotransplantation may be performed to 
the severed site of the nerve using this peripheral nerve 
segment. However, in this method as well, not only are 
there many cases in which nerve function is not ade- 
quately restored, but there are also many cases in 
which decreased function is observed even at the por- 
tion at which the transplanted nerve is used. 
[0003] Therefore, numerous attempts have been 
made to restore function by connecting the stumps of 
severed peripheral nerves with a tube-shaped medical 
material, namely an artificial tube for nerve, regenerat- 
ing the axon from the stump on the central side of the 
nerve trunk towards the stump on the distal side, induc- 
ing the nerve to extend in the proper direction, and 
allowing the nerve to reach a myoneural junction or 
peripheral sensory receptor from the peripheral nerve 
trunk. In the past, non-porous tubes made of silicone, 
polyethylene or polyvinyl chloride, porous tubes made 
of drawn polytetrafluoroethylene or cellulose, semi-per- 
meable membrane tubes made of polyacrylonitrile or 
polysulfone, tubes made of biodegradable materials 
such as polyglycolic acid, polylactic acid or their copoly- 
mers, gelatin tubes, or biological tissue tubes originat- 
ing in the same species such as arteries and veins. 
However, in regeneration experiments on peripheral 
nerves using these materials, since biological repair is 
impaired by the material, the length of nerve that has 
been able to be regenerated thus far has been at most 
on the order of 1 5 mm. In addition, not only is the regen- 
erated nerve narrow without the form of the nerve being 
normally restored, but there are many cases in which 
the function of the regenerated nerve is not restored. In 
addition, although examples have been reported in 



which neural growth factor NGF is filled into a tube, 
since NGF ends up rapidly running out of the tube and 
dispersing, remarkable effects have not been obtained. 
[0004] Although artificial tubes for nerve which com- 

5 prise collagen tubes in which collagen fibers on which 
laminin and fibronectin are coated are filled (Tong, X., et 
al., Brain Research 663: 155-162 (1994)) have recently 
been attempted, since the collagen tubes are unable to 
remain without being broken down until the nerve is 

10 regenerated to an adequate length, satisfactory results 
have not been obtained. 

[0005] On the other hand, the spinal cord is consid- 
ered to not regenerate once it has been damaged. In 
the case the spinal cord is damaged due to injury or 
is tumor, the damaged spinal cord does not regenerate, 
and all function below the damaged portion is lost with 
paralysis remaining as the sequella. Recently however, 
experiments on animals have begun to be conducted 
that prove that the spinal cord is also able to regenerate. 
20 In the case the spinal cord is severed sharply and accu- 
rately re-sutured, function is restored and the damaged 
portion is repaired to a considerable degree. In addition, 
if a portion of the spinal cord is excised in the form of a 
tube and an intercostal nerve fasicle is implanted at that 
25 site, the portion of the spinal cord regenerates and func- 
tion is at least partially restored. If a portion of the spinal 
cord is excised in the form of a tube, and fetal spinal 
cord is transplanted to that site, spinal cord function and 
form are restored. These findings have been observed 
30 in experiments in rats. In this case as well, it is recog- 
nized that regeneration occurs only in the case the 
transplanted fetal spinal cord segment is transplanted 
by properly aligning the respective neural processes. 
Based on the above findings, although it has been 
35 determined that regeneration of the spinal cord can 
occur by inducing the spinal cord so as to properly align 
the compartments of regenerated tissue, there have 
been no artificial tubes for spinal cord developed what- 
soever that actually allow spinal cord regeneration. 
40 [0006] Therefore, in order to control the rate of decom- 
position in the body so as to remain in the body until the 
nerve regenerates while also allowing degradation and 
absorption in the body as nerve regeneration 
progresses, the development of an artificial tube for 
45 nerve is desired that induces axons regenerated from 
severed nerve stumps to extend in the proper direction 
without pressing on the regenerated nerve following 
nerve regeneration, and causes rapid restoration of 
blood flow by promoting infiltration of blood capillaries 
so from the body to promote regeneration of nerve tissue. 
In addition, there is also an urgent need for the develop- 
ment of an artificial tube for spinal cord that connects 
not only peripheral nerves but also the missing portions 
of spinal cord, and promotes proper regeneration of spi- 
55 nal cord tissue along with restoration of function. 
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Disclosure of Invention 

[0007] The present invention relates to an artificial ■ 
tube for nerve which comprises a tube 10 or 20 having 
coating layers 12, 13 or 22, 23 composed of gelatin or s 
collagen on the inner and outer surfaces of a tube 1 1 or 
21 composed of a material being biodegradable and 
absorbable in vivo, and a collagen body 30 or 40 having 
cavities 32, 33 or 41 which pass through said tube so as 
to be substantially parallel to the axis of said tube; 10 
wherein, said cavities are filled with a matrix gel contain- 
ing collagen, laminin, heparan sulfate proteoglycans, 
entactin and growth factor. The present invention also 
relates to a method for producing the above-mentioned 
artificial tube for nerve including following steps: prepar- 75 
ing a tube 10 or 20 having coating layers 12, 13 or 22, 
23 composed of gelatin or collagen on the inner and 
outer surfaces of a tube 11 or 21 composed of a mate- 
rial being biodegradable and absorbable in vivo; insert- 
ing a collagen fiber bundle so as to be substantially so 
parallel to the axis of said tubes; subjecting to crosslink- 
ing treatment; and filling a matrix gel containing colla- 
gen, laminin, heparan sulfate proteoglycans, entactin 
and growth factor into cavities 32 between said collagen 
fibers 31 within said tube and into cavities 33 between 25 
said collagen fibers and said tube. Moreover, the 
present invention also relates to a method for producing 
the above-mentioned artificial tube for nerve including 
following steps: preparing a tube 10 or 20 having coat- 
ing layers 12, 13 or 22, 23 composed of gelatin or colla-. 30 
gen on the inner and outer surfaces of a tube 11 or 21 
composed of a material being biodegradable and 
absorbablein vivo; inserting rod-shaped cores so as to 
be substantially parallel to the axis of said tube; filling 
said tube with a collagen solution; subjecting to 35 
crosslinking treatment; removing the cores; obtaining a 
tube having in its lumen a collagen gel in which cavities 
41 are formed in the form of holes that pass through 
said tube; and filling said cavities with a matrix gel con- 
taining collagen, laminin, heparan sulfate proteogly- 40 
cans, entactin and growth factor. 
[0008] The artificial tube for nerve of the present 
invention which comprises a tube 10 or 20 having coat- 
ing layers 12, 13 or 22, 23 composed of gelatin or colla- 
gen on the inner and outer surfaces of the tube 1 1 or 21 45 
composed of a material being biodegradable and 
absorbable in vivo, and a collagen body 30 or 40 having 
cavities 32, 33 or 41 that pass through said tube so as 
to be substantially parallel to the axis of said tube, 
wherein, said cavities are filled with a matrix gel contain- so 
ing collagen, laminin, heparan sulfate proteoglycans, 
entactin and growth factor. Although the length and 
inner diameter of the tube that compose the artificial 
tube for nerve of the present invention differs according 
to the length of the severed portion of the nerve and the 55 
thickness of the nerve, in order to cover, for example, a 
missing portion on the order of about 25 mm of the sci- 
atic nerve of a cat, the length is about 28-35 mm, and 
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preferably about 30 mm, and the inner diameter is about 
1-8 mm, and preferably about 4 mm. In addition, in the 
case of using the artificial tube for nerve of the present 
invention as an artificial tube for spinal cord as well, the 
length of the tube is determined according to the length 
of the severed portion, while the inner diameter is pref- 
erably about 2-12 mm, and particularly preferably about 
10 mm. 

[0009] It is necessary that the tube composed of a 
material being biodegradable and absorbable in vivo 
that composes the artificial tube for nerve of the present 
invention retains the shape of the tube to prevent inva- 
sion of body cells from outside the tube during the time 
until the severed nerve regenerates and the severed 
location is rejoined (about 1-3 months). Consequently, a 
tube comprising a mesh material made of a material 
selected from the group consisting of polyglycolic acid, 
polylactic acid (L or DL), copolymer of glycolic acid and 
lactic acid, copolymer of lactic acid and e-caprolactone, 
polydioxanone and copolymer of glycolic acid and tri- 
methylene carbonate, which is able to maintain its 
shape in the body for a certain period of time despite 
being biodegradable and absorbable in vivo, is prefera- 
ble, and a tube comprising a mesh material made of pol- 
yglycolic acid is particularly preferable. In addition, a 
tube comprising a material made of fine fibrous collagen 
can also be preferably used in addition to the tube com- 
prising the mesh material made of the material being 
biodegradable and absorbable in vivo such as polygly- 
colic acid. 

[0010] To begin with, a description is provided of the 
artificial tube for nerve of the present invention having 
coating layers 12 and 13 composed of gelatin or colla- 
gen on the inner and outer surfaces of a tube 1 1 com- 
prising a mesh material made of a material being 
biodegradable and absorbable in vivo such as polygly- 
colic acid. Although tube 1 1 comprising a mesh material 
made of polyglycolic acid has an inner diameter and 
length as described above, in order to allow it to retain 
the tubular shape of the artificial tube for nerve for about 
1-3 months, the membrane thickness of said tube is 
preferably about 0.1-3 mm, and particularly preferably 
about 0.5-2 mm. If the membrane thickness exceeds 3 
mm, the tube obstructs regeneration of body tissue, and 
if the membrane thickness is less than 0.1 mm, degra- 
dation and absorption of the tube proceeds too rapidly, 
and the shape of the tube is not maintained until the 
nerve finishes regenerating. In addition, in the case of 
using the artificial tube for nerve of the present invention 
as an artificial tube for spinal cord, its membrane thick- 
ness should preferably be about 0.2-5 mm, and particu- 
larly preferably about 0.5-3 mm. 

[0011] In the case the material being biodegradable 
and absorbable in vivo is a material such as polyglycolic 
acid, the tube 11 is in the form of a mesh to ensure 
water permeability for hydrophobic tube 1 1 . The mesh 
pore size of this mesh tube 11 is preferably about 10- 
300 u.m, and particularly preferably about 100-200 urn. 
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If the mesh pore size is less than 10 fim, cells and tissue 
are unable to proliferate, while if the mesh pore size 
exceeds 300 ^m, entry of tissue becomes excessive. 
[0012] In the case of the tube 1 1 comprising a mesh 
material made of a material such as polyglycolic acid, s 
although it has coating layers 12 and 13 composed of 
gelatin or collagen, which are materials having tissue 
regeneration promoting action, on its inner and outer 
surfaces since it itself has no action that promotes tis- 
sue regeneration, it is particularly preferable that the 10 
inside surfaces of the mesh pores also be coated in 
addition to the inner and outer surfaces of tube 1 1 . The 
thickness of the coating layers 12 and 13 is preferably 
about 0.2-5 mm, and particularly preferably about 0.5-3 
mm in the case of the collagen coating layer, and prefer- is 
ably about 0.2-5 mm, and particularly preferably about 
0.5-3 mm in the case of the gelatin coating layer. Exam- 
ples of such materials that promote tissue regeneration 
include collagen and gelatin which have water-permea- 
bility, do not cause foreign body reactions when applied 20 
in the body, have excellent bioaffinity and tissue com- 
patibility, and have an action that promotes tissue 
regeneration. Collagen originating in various animals 
conventionally used in the past can be used for the col- 
lagen raw material, preferable examples of which 25 
include type I collagen or a mixed collagen of type I and 
type III collagen originating in the skin, bone, cartilage, 
tendon and organs of cows, pigs, rabbits, sheep, kanga- 
roos or birds that is solubilized by acid, base, enzymes 
and so forth. The coating layers composed of collagen 30 
are layers having an amorphous structure in which col- 
lagen molecules are dispersed. Purified gelatin accord- 
ing to Japanese Pharmacopoeia can be used for the 
raw material of the coating layer composed of gelatin. 
[0013] In the artificial tube for nerve of the present ss 
invention, the tube 11 or 21 composed of a material 
being biodegradable and absorbable in vivo can be the 
tube 1 1 composed of a mesh material made of a mate- 
rial such as the above-mentioned polyglycolic acid, or 
the tube 21 composed of a material made of fine fibrous 40 
collagen that uses collagen having tissue regeneration 
promoting action for its raw material. The following pro- 
vides a description of the artificial tube for nerve of the 
present invention in which the material being biodegrad- 
able and absorbablein vivo is a material composed of 45 
fine fibrous collagen, and coating layers 22, 23 of tube 
21 are composed of collagen. 

[0014] Type I collagen or a mixed collagen of type I 
and type III of animal origin like that described above 
that has been used in the past and is solubilized by acid, so 
base or enzymes and so forth is preferable for the colla- 
gen used for the raw material of the material being bio- 
degradable and absorbable in vivo. This material 
composed of fine fibrous collagen is a non-woven fab- 
ric-like substance in which fine fibers composed of col- ss 
lagen molecules are overlapped in multiple layers, and 
tube 21 which uses this as its material has an inner 
diameter and length like those described above. The 



membrane thickness is preferably about 0.5_-5 mm, and 
particularly preferably about 1-2 mm. In addition, in the 
case of using the artificial tube for nerve of the present 
invention as an artificial tube for spinal cord, the mem- 
brane thickness is preferably about 0.5-5 mm, and par- 
ticularly preferably about 1-3 mm. In addition, coating 
layers 22, 23 composed of collagen formed on the inner 
and outer surfaces of this tube 21 use conventional sol- 
ubilized type I collagen or a mixed collagen of type I and 
type III of animal origin as previously described,, for 
their raw material, and have an amorphous structure in 
which collagen molecules are dispersed. The thickness 
of the coating layers is preferably about 0.1-2 mm, and 
particularly preferably about 0.5-1 mm. 
[0015] The artificial tube for nerve of the present 
invention comprises a tube 10 or 20 having coating lay- 
ers 12, 13 or 22, 23 composed of gelatin or collagen on 
the inner and outer layers of a tube 11 or 21 composed 
of a material being biodegradable and absorbable in 
vivo as was previously described in detail, and a colla- 
gen body 30 or 40 having cavities 32, 33 or 41 in its 
lumen that pass through the tube 10 or 20 substantially 
parallel to the axis of the tube 10 or 20. Moreover, said 
cavities are filled with a matrix gel containing collagen, 
laminin, heparan sulfate proteoglycans, entactin and 
growth factor. When this artificial tube for nerve is 
applied in the body, the surfaces of the cavities in the 
collagen body of the tube lumen are used as footholds 
for regeneration by nerve fibers, and nerve fibers regen- 
erate and extend into those cavities. 
[0016] As a preferable mode of the present invention, 
the tube 10 or 20 composed of a material being biode- 
gradable and absorbable in vivo is subjected to 
crosslinking treatment, and the collagen body 30 within 
its lumen is a crosslinked collagen fiber bundle inserted 
so as to be substantially parallel to the axis of said tube. 
Moreover, cavities 32 between collagen fibers 31 and 
cavities 33 between collagen fibers 31 and the tube 10 
or 20 are either filled with the above-mentioned matrix 
gel, or collagen body 40 within its lumen is a crosslinked 
collagen gel having cavities 41 in the form of holes that 
pass through said tube substantially parallel to the axis 
of said tube, and said cavities are filled with the above- 
mentioned matrix gel. 

[001 7] It is preferable that the collagen fiber bundle be 
type I collagen fibers obtained by solubilizing collagen 
originating in the skin or bone and so forth of various 
animals as used in the past with acid, base or enzyme, 
and its diameter is preferably about 10-30 ^m, and par- 
ticularly preferably 20 urn. In the case of using the artifi- 
cial tube for nerve of the present invention as an 
artificial tube for spinal cord, the diameter of fibers 31 is 
preferably about 10-30 urn. and particularly preferably 
about 20 urn. The percentage of void of tubes 10. 20 is 
preferably about 70-98%. and particularly preferably 
about 90-95%. In the case of an artificial tube for spinal 
cord, percentage of void is preferably about 70-98%, 
and particularly preferably about 90-95%. For example! 
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in the case of a tube having an inner diameter of 4 mm, 
about 2000 collagen fibers 31 having a diameter of 
about 20 urn are filled. In addition, it is preferable that 
these collagen fibers 31 be coated in advance with the 
above-mentioned matrix gel (not shown). 

[0018] In addition, cavities 41 in the form of holes that 
pass through the tube so as to be substantially parallel 
to the axis of the tube must have a pore size that is nec- 
essary for regenerated nerve fibers to extend inside fol- 
lowing application of the artificial tube for nerve of the 
present invention in the body, and that pore size is pref- 
erably about 30-200 urn, and particularly preferably 
about 80 *im. In addition, although the number of cavi- 
ties varies according to the thickness of the artificial 
tube for nerve, in the case of, for example, a tube having 
an inner diameter of 4 mm, the number of cavities is 
preferably about 5-20, and particularly preferably about 
1 2. In the case of using the artificial tube for nerve of the 
present invention as an artificial tube for spinal cord, the 
pore size of cavities 41 that pass through a tube is pref- 
erably about 30-200 fim, and particularly preferably 
about 80 jim, and the number of cavities is preferably 
about 20-150, and particularly preferably about 50, in 
the case of, for example, a tube having an inner diame- 
ter of 10 mm. In addition, crosslinked collagen gel hav- 
ing cavities 41 in the form of holes that pass through a 
tube is gelled by performing crosslinking treatment on 
type I collagen obtained by solubilizing collagen origi- 
nating in the skin, bone and so forth of various animals 
as used in the past with acid, base or enzyme. 
[0019] The following provides a description of the 
method for producing the artificial tube for nerve of the 
present invention. In order to produce the artificial tube 
for nerve of the present invention in which the material 
being biodegradable and absorbable in vivo is a mesh 
material composed of a material selected from the 
group consisting of polyglycolic acid, polylactic acid, 
copolymer of glycolic acid and lactic acid, copolymer of 
lactic acid and c-caprolactone, polydioxanone and 
copolymer of glycolic acid and trimethylene carbonate, 
and having coating layers 12, 13 composed of gelatin or 
collagen on the inner and outer surfaces of tube 11, 
tube 1 1 composed of a mesh material using polyglycolic 
acid and so forth for the material is first prepared. 
Although the tube 1 1 may be prepared by any method, 
a mesh tube having the above-mentioned layers is 
obtained by, for example, weaving fibers of polyglycolic 
acid and so forth (having a diameter of, for example, 0. 1 
mm) into the shape of a cylinder. The prepared tube 1 1 
composed of the mesh material is immersed in a solu- 
tion of the above-mentioned collagen or gelatin and 
dried to form collagen or gelatin coating layers 12, 13 on 
the outer and inner surfaces of tube 1 1 as well as on the 
inner surfaces of the mesh pores. In order to coat tube 
1 1 with collagen or gelatin, an approximately 1 N hydro- 
chloric acid solution (pH ol about 3) preferably contain- 
ing about 1-3 wt%, and particularly preferably about 1-2 
wt%, of collagen, or preferably an about 2-30 wt%, and 



particularly preferably about 10-20 wt%, aqueous gela- 
tin solution is used. In addition, it is convenient to coat 
the collagen or gelatin on the surface of tube 1 1 com- 
posed of a mesh material composed of polyglycolic acid 
5 and so forth after treating with plasma discharge, ozone 
irradiation and so forth. 

[0020] In order to prepare the artificial tube for nerve 
of the present invention in which the material being bio- 
degradable and absorbable in vivo is a material com- 

io .posed of fine fibrous collagen, coating layers 22 and 23 
of tube 21 are composed of collagen, and, for example, 
a rod made of Teflon and so forth having a diameter of 
about 1-8 mm, and preferably about 4 mm, is used for 
the core. In the case of using the artificial tube for nerve 

15 of the present invention as an artificial tube for spinal 
cord, the rod having a diameter of preferably about 2-12 
mm, and particularly preferably about 10 mm, is used. 
The core are immersed in an approximately 1 N hydro- 
chloric acid solution containing preferably about 0.5-3 

20 wt%, and particularly preferably about 1 -2 wt%, of colla- 
gen, and a collagen hydrochloric acid solution layer hav- 
ing a thickness of preferably about 5-20 mm, and 
particularly preferably about 10 mm, is formed on the 
surface of said core followed by freezing (for example, at 

25 about 0°C for about 12 hours). In the case of using the 
artificial tube for nervus of the present invention as an 
artificial tube for spinal cord, a collagen hydrochloric 
acid solution layer is formed having a thickness of pref- 
erably about 5-30 mm, and particularly preferably about 

30 20 mm, followed by freezing. As a result of freezing, fine 
fragments of ice form between the collagen molecules 
dispersed in the hydrochloric acid solution, layer sepa- 
ration occurs in the collagen hydrochloric acid solution, 
and fine fibers are formed due to rearrangement of the 

35 collagen molecules. Next, this is further freeze-dried (for 
example, at about 0°C for about 24 hours) in a vacuum. 
. As a result of freeze-drying, in addition to the fine ice 
fragments between the collagen molecules vaporizing, 
a tube is obtained composed of a non-woven fabric-like 

40 collagen layer in which fine fibers overlap in multiple lay- 
ers. 

[0021] Next, the core on which is formed this fine 
fibrous collagen layer is placed in a pouch made of pol- 
yethylene and so forth, sealed and degassed followed 

45 by compression of the collagen layer. As a result of 
compressing, high-density, fine fibrous collagen layer 
21 is obtained. Alternatively, the collagen layer may be 
compressed by pressing without degassing. Compres- 
sion is performed such that the thickness of the collagen 

so layer after compression is preferably about 0.5-5 mm, 
and particularly preferably about 1 -2 mm. In the case of 
using as an artificial tube for spinal cord, compression is 
performed such that the thickness of the collagen layer 
is preferably about 0.5-5 mm, and particularly preferably 

ss about 1-3 mm. 

[0022] Collagen membranes 22 and 23 are addition- 
ally formed on the inner and outer surfaces of the com- 
pressed, fine fibrous collagen layer 21. As a result of 
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forming these collagen membranes 22 and 23, an artifi- 
cial tube for nerve is obtained having even greater 
strength. In order to form these collagen membranes 22 
and 23, the tube composed of fine fibrous collagen layer 
21 removed from the above-mentioned rod is again 5 
immersed in an approximately 1 N hydrochloric acid 
solution containing preferably about 0.5-3 wt%, and par- 
ticularly preferably about 1-2 wt%, collagen, and 
respectively forming collagen hydrochloric acid solution 
layers on the inner and outer surfaces of fine fibrous col- 10 
lagen layer 21 followed by air drying. This immersion 
and air drying procedure is repeated several times, and 
preferably 20 times, to obtain collagen membranes 22, 
23 having an amorphous structure in which collagen 
molecules are dispersed (the thicknesses of the colla- 1S 
gen hydrochloric acid solution layers are each prefera- 
bly about 0.2-1.0 mm, and particularly preferably about 
0.5 mm). In the case of using the artificial tube for nerve 
of the present invention as an artificial tube for spinal 
cord, the thicknesses of collagen membranes 22, 23 20 
formed on the inner and outer surfaces of fine fibrous 
collagen layer 21 are preferably about 0.2-1.0 mm, and 
particularly preferably about 0.5 mm. 

[0023] Tube 20 prepared in this manner can be han- 
dled easily and allows easy suturing with nerves due to 25 
its high tear strength as compared with a tube consist- 
ing of collagen membrane alone. 
[0024] A collagen body 30 or 40 having cavities 32, 33 
or 41 that pass through the tube so as to be substan- 
tially parallel to the axis of the tube is formed in the 30 
lumen of the tube 10 or 20 in which coating layers 12, 13 
or 22, 23 composed of collagen or gelatin are formed on 
the inner and outer surfaces of the tube 11 or 21 com- 
posed of a material being biodegradable and absorba- 
ble in vivo prepared in the manner described above. 35 
This collagen body 30 or 40 serves as a foothold during 
nerve fiber regeneration and extension, and nerve fib- 
ers regenerate and extend into cavities 32, 33 or 41 
within its collagen body 30 or 40. 

[0025] More specifically, type I collagen fiber bundle is 40 
Inserted into the tube 11 or 21 prepared in the manner 
described above so as to be substantially parallel to the 
tube axis. As a result of inserting the collagen fiber bun- 
dle, nerve cells are allowed to grow in cavities 32 
between each collagen fiber 31 that composes the fiber 45 
bundle, and in cavities 33 between collagen fibers 31 
and tube 10 or 20. Type I collagen fibers obtained by 
solubilizing collagen originating in the skin, bone and so 
forth of various animals used conventionally with acid, 
base or enzyme can be used for the collagen serving as so 
the raw material of the collagen fiber bundles used here. 
The diameter of the collagen fibers used here is prefer- 
ably about 10-30 urn, and particularly preferably about 
20 urn. and collagen fibers are inserted so as to reach 
the above-mentioned percentage of void. 55 
[0026] Next, crosslinking treatment is preferably per- 
formed on tubes 10, 20 composed of a material being 
biodegradable and absorbable in vivo prepared in the 
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manner described above. Crosslinking treatment is 
advantageous for the artificial tube for nerve of the 
present invention because it maintains the shape of the 
tube and prevents invasion of cells from outside the arti- 
ficial tube for nerve during the time until the peripheral 
nerve is finished regenerating. 

[0027] Although varying according to the length of the 
severed nerve portion that requires regeneration, 
crosslinking treatment is performed for 1 -3 months after 
application in the body to an extent that the shape of the 
tube is retained. Although examples of crosslinking 
methods include gamma ray crosslinking, ultraviolet ray 
crosslinking, electron beam crosslinking, thermal dehy- 
dration crosslinking, glutaraldehyde crosslinking, epoxy 
crosslinking and water-soluble carbodiimide crosslink- 
ing, thermal dehydration crosslinking is preferable 
because it is easy to control the degree of crosslinking 
and does not have an effect on the body even when 
used for crosslinking treatment. Crosslinking treatment 
is performed in a vacuum at a temperature of, for exam- 
ple, about 105-150°C, preferably about 120-150°C, and 
particularly preferably about 140°C for, for example, 
about 6-24 hours, preferably about 6-12 hours and par- 
ticularly preferably about 12 hours. 
[0028] Next, a matrix gel containing components that 
promote nerve fiber growth is filled into cavities 32 
between collagen fibers 31 of tube 10 or 20 composed 
of a material being biodegradable and absorbable in 
vivo on which crosslinking treatment has been per- 
formed, and into cavities 33 between collagen fibers 31 
and tube 10 or 20, to obtain the artificial tube for nerve 
of the present invention. The matrix gel contains 
extracted collagen {and particularly type IV collagen at, 
for example, 30%), laminin (for example, 50-60%), 
heparan sulfate proteoglycans (for example, 2-5%), 
entactin (for example, 5-10%) as well as growth factor 
such as EGF (epidermal growth factor), pFGF (fibrob- 
last growth factor), NGF (nerve growth factor), PDGF 
(platelet-derived growth factor), IGF-1 (insulin-like 
growth factor) and TGF-B (transforming growth factor), 
which promote fiber regeneration. 
[0029] As described above, the fibers of the collagen 
fiber bundle inserted into tube 10 or 20 composed of a 
material being biodegradable and absorbable in vivo 
prior to crosslinking treatment are respectively coated in 
advance with matrix gel containing components that 
promote nerve fiber growth. It is preferable that this 
matrix gel contains the same components as the above- 
mentioned matrix gel. Methods such as immersion or 
coating may be used to coat the collagen fibers with 
matrix gel. 

[0030] More specifically, rod-shaped cores composed 
of a material having elasticity may alternatively be 
inserted into tube 10 or 20 prepared in the above man- 
ner so as to be substantially parallel to the axis of the 
tubes, and the tube into which the rod-shaped cores are 
inserted is immersed in a type I collagen solution or a 
type I collagen solution may be injected into it, followed 
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by subjecting to crosslinking treatment and then remov- 
ing the cores to obtain a tube having collagen gel in its 
lumen that forms cavities 41 in the form of holes that 
pass through the tube. Nerve fibers regenerate and 
extend into these holes 41 formed in the above 5 
described manner after applying the artificial tube for 
nerve of the present invention in the body. Thus, it is 
necessary that the rod-shaped cores used to form holes 
41 that pass through the tube have a pore size that 
allows extension of regenerating nerve fibers, and that 10 
pore size is preferably about 30-200 ^m, and particu- 
larly preferably about 80 ^m. In addition, although vary- 
ing according to the thickness of the artificial tube for 
nerve, the number of cores that are inserted into the 
tube is preferably 5-20. and particularly preferably about 75 
12 in the case of a tube having an inner diameter of, for 
example, 4 mm. In the case of using the artificial tube 
for nerve of the present invention as an artificial tube for 
spinal cord, the number of cores inserted into the tube 
is preferably about 20- 1 50 anri particularly preferably 20 
about 50, in the case of a h** having an inner diameter 
of, for example, 10 mm in add-on tne type I collagen 
solution that is filled is prepared by ossorvmg type I col- 
lagen, obtained by soiuoticmg conventionally used col- 
lagen originating in the skm bone and so forth of 2 5 
various animals with ac»d. base o* enzyme, in approxi- 
mately 1 N hydrochloric acid, and preferably contains 
about 0.5-3 wt%, and particularly preferably about 1 
wt%, of type I collagen. 

[0031] Crosslinking treatment is performed in the 30 
same manner as described above Dy performing ther- 
mal crosslinking in a vacuum at a temperature of, for 
example, about 105-150°C, preferably about 120- 
150°C, and particularly preferably about 140°C # for, for 
example, about 6-24 hours, preferably about 6-12 35 
hours, and particularly preferably about 12 hours. If the 
crosslinking temperature exceeds 150°C, the strength 
of the material being biodegradable and absorbable in 
vivo decreases, and if the temperature is below 105°C, 
the crosslinking reaction does not take place ade- 40 
quately. 

[0032] Moreover, a matrix gel having the same com- 
ponents as described above is filled into cavities 41 in 
the form of holes that pass through the tubes formed as 
described above by impregnation or other routine 45 
method followed by aspiration as necessary to obtain 
the artificial tube for nerve of the present invention. 
[0033] The artificial tube for nerve prepared in the 
manner described above can be used to restore nerve 
function by inserting both stumps of a nerve that has so 
been severed by injury or surgical procedure into the 
present artificial tube for nerve and ligating those por- 
tions to induce axon regeneration and extension in the 
proper direction, and allow axons to reach from the 
peripheral nerve trunk to a neuromuscular junction or 55 
peripheral sensory receptor. In addition, in the case the 
spinal cord is damaged due to injury as well, by remov- 
ing the vertebrae corresponding to the damaged portion 
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and covering the damaged portion of the spinal cord 
with the present artificial tube for nerve, it is believed 
that the damaged spinal cord can be regenerated and 
its function restored. 

Brief Description of Drawings 
[0034] 

Fig. 1 is a drawing showing a cross-section of one 
example of an artificial tube for nerve as claimed in 
the present invention. Fig. 2 is a drawing showing a 
cross-section of another example of an artificial 
tube for nerve as claimed in the present invention 
(the constitutions of these examples are illustrated 
schematically, and dimensions shown are not 
actual dimensions). 

Best Mode for Carrying Out the Invention 

[0035] Although the following provides a detailed 
explanation of the present invention through its exam- 
ples and comparative examples, the present invention is 
not limited to these. 

Example 1 

[0036] Polyglycolic acid (PGA) fibers (diameter: 0.1 
mm) were woven into a tubular shape to prepare a pol- 
yglycolic acid mesh tube (mesh pore size: approxi- 
mately 100-200 urn) having a length of about 30 mm, 
inner diameter of about 4-5 mm, and membrane thick- 
ness of about 1 mm. By immersing this mesh tube in 1 
N hydrochloric acid solution containing 1.0 wt% 
enzyme-solubilized collagen originating in pig skin and 
then drying, the outer and inner surfaces of the tube 
along with the inside surfaces of its mesh pores were 
coated with said collagen. 

[0037] 1 g of type IV collagen, 2 g of laminin, 0.2 g of 
heparan sodium proteoglycans, 0.4 g of entactin, 2 ng 
of EQF, 0.5 ng of p-FGF, 1 ng of NGF, 3 pg of PDGF, 2 
ng of IGF-1 and 1 ng of TGF-p were dissolved in 2 ml of 
physiological saline to prepare a matrix gel containing 
the above-mentioned components. Enzyme-solubilized 
collagen fibers originating in pig skin (diameter: 0.20 
\i\x\) were then immersed in this matrix gel to coat the 
surfaces of each fiber, after which 2000 of these coated 
fibers were inserted into the tube having the collagen 
coating layer obtained in the manner described above. 
Moreover, the tube was subjected to thermal dehydra- 
tion crosslinking treatment in a vacuum at 150°C for 24 
hours. Finally, the matrix gel was filled between the tube 
and collagen fibers to obtain the artificial tube for nerve 
of the present invention. 

[0038] 25 mm of the sciatic nerve of a cat (body 
weight: 5 kg) was excised, the nerve stumps on both 
sides were inserted into the above-mentioned artificial 
tube for nerve and connected by ligating with 10-0 
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Nylon thread. 

[0039] Axon transport was observed by HRP staining, 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 
tromyograms immediately after or 1, 2, 3 or 4 months 5 
after surgery. The cat was sacrificed and the form of the 
sciatic nerve was observed both macroscopically and 
optical -microscopically. 

[0040] Recovery of both the form and function of the 
sciatic nerve was already observed one month after sur- 10 
gery, and the state of the regenerated nerve 
approached that of the normal state. 

Comparative Example 1 

75 

[0041 ] With the exception of not inserting the collagen 
fiber bundle into the lumen, the mesh tube composed of 
polyglycolic acid having the collagen coating layers was 
prepared using the method described in Example 1, the 
mesh tube was subjected to thermal dehydration 20 
crosslinking treatment, and filled with the matrix gel. 
[0042] 25 mm of the sciatic nerve of a cat (body 
weight: 5 kg) was excised, the nerve stumps on both 
sides were inserted into the tube prepared in the above 
manner and connected by ligating with 10-0 Nylon 25 
thread. 

[0043] Axon transport was observed by HRP staining, 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 
tromyograms immediately after or 1, 2, 3 or 4 months 30 
after surgery. The cat was sacrificed and the form of the 
sciatic nerve was observed both macroscopically and 
optical -microscopically. As a result, recovery of form 
and function of the sciatic nerve was observed two 
months after surgery. 35 

Example 2 

[0044] As a result of immersing Teflon rod having a 
length of about 10 cm and diameter of about 4-5 mm in 40 
a 1 N hydrochloric acid solution containing about 1 wt% 
of enzyme-solubilized collagen originating in pig skin 
and then taking them out of the above-mentioned solu- 
tion, a collagen hydrochloric acid solution layer having a 
thickness of about 1 0 mm was formed on the surface of 45 
the Teflon rod, after which it was frozen at about 0°C for 
about 12 hours. The rod was then freeze-dried at about 
0°C for about 24 hours in a vacuum to transform the col- 
lagen hydrochloric acid solution layer into a fine fibrous 
collagen layer. The Teflon rod having a fine fibrous col- so 
lag en layer formed on the surface was then compressed 
with a press to compress the fine fibrous collagen layer 
to a thickness of about 1 mm. Next, the compressed fine 
fibrous collagen layer was removed from the Teflon rod, 
and the tube composed of this fine fibrous collagen ss 
layer was again immersed in the previous approximately 
1 wt% collagen hydrochloric acid solution. By thus form- 
ing a collagen hydrochloric acid layer on the inner and 
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outer surfaces of the fine fibrous collagen layer and air 
drying (this procedure of immersing in collagen hydro- 
chloric acid solution followed by air drying was repeated 
20 times), collagen membranes were formed on the 
inner and outer surfaces of the fine fibrous collagen 
layer. In this manner, a tube composed of fine fibrous 
collagen was prepared having coating layers composed 
of collagen on its outer and inner surfaces. 

[0045] 1 g of type IV collagen, 2 g of laminin, 0.2 g of 
heparan sodium proteoglycans, 0.4 g of entactin, 2 ng 
of EGF, 0.5 ng of p-FGF, 1 ng of NGF, 3 pg of PDGF, 2 
ng of IGF-1 and 1 ng of TGF-p were dissolved in 2 ml of 
physiological saline to prepare a matrix gel containing 
the above-mentioned components. Enzyme-solubilized 
collagen fibers originating in pig skin (diameter: 0.20 
urn) were then immersed in this matrix gel to coat the 
surfaces of each fiber, after which 2000 of these coated 
fibers were inserted into the tube having the collagen 
coating layers obtained in the manner described above. 
Moreover, the tube was subjected to thermal dehydra- 
tion crosslinking treatment in a vacuum at 150°C for 24 
hours. Finally, the above-mentioned matrix gel was filled 
between the tube and collagen fibers to obtain the artifi- 
cial tube for nerve of the present invention. 
[0046] 25 mm of the sciatic nerve of a cat (body 
weight: 5 kg) was excised, the nerve stumps on both 
sides were inserted into the above-mentioned artificial 
tube for nerve and connected by ligating with 10-0 
Nylon thread. 

[0047] Axon transport was observed by HRP staining, 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 
tromyograms immediately after or 1, 2, 3 or 4 months 
after surgery. The cat was sacrificed and the form of the 
sciatic nerve was observed both macroscopically and 
optical-microscopically. 

[0048] Recovery of both the form and function of the 
sciatic nerve was already observed one month after sur- 
gery, and the state of the regenerated nerve 
approached that of the normal state. 

Comparative Example 2 

[0049] With the exception of not inserting the collagen 
fiber bundle into the lumen, the tube composed of fine 
fibrous collagen was prepared having the coating layers 
composed of collagen on its outer and inner surfaces 
using the method described in Example 2. This tube 
was then subjected to thermal crosslinking treatment 
and filled with the matrix gel. 

[0050] 25 mm of the sciatic nerve of a cat (body 
weight: 5 kg) was excised, the nerve stumps on both 
sides were inserted into the tube prepared in the above 
manner and connected by ligating with 10-0 Nylon 
thread. 

[0051] Axon transport was observed by HRP staining, 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 



8 

BNSDOCJD: <EP 0945145A1J_> 



15 



EP 0 945 145 A1 



16 



tromyograms immediately after or 1 , 2, 3 or 4 months 
after surgery. The cat was sacrificed and the form of the 
sciatic nerve was observed both macroscopically and 
optical-microscopically. As a result, recovery of form 
and function of the sciatic nerve was observed two 5 
months after surgery. 

Comparative Example 3 

[0052] With the exception of not inserting the collagen 10 
fiber bundle and not filling with the matrix gel, the polyg- 
lycolic acid mesh tube was prepared having the colla- 
gen coating layers using the method described in 
Example 1, after which this tube was subjected to ther- 
mal crosslinking treatment. 25 mm of the sciatic nerve 15 
of a cat (body weight: 5 kg) was excised, the nerve 
stumps on both sides were inserted into the tube pre- 
pared in the above manner and connected by ligating 
with 1 0-0 Nylon thread. 

[0053] Axon transport was observed by HRP staining, 20 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 
tromyograms immediately after or 1 , 2, 3 or 4 months 
after surgery. The cat was sacrificed and the form of the 
sciatic nerve was observed both macroscopically and 25 
optical-microscopically. 

[0054] The nerve recovered two months after surgery, 
while axon transport and electrophysiological function 
recovered three months after surgery. 

30 

Comparative Example 4 

[0055] A tube having an outer diameter of 1 .0-1 .5 mm 
was prepared from a 20 wt% aqueous gelatin solution 
by air-drying, and subjected to thermal dehydration 35 
crosslinking treatment at 150°C for 24 hours. 
[0056] 10 mm of rat sciatic nerve was excised, the 
nerve stumps on both sides were inserted into the 
above-mentioned artificial tube for nerve and connected 
by ligating with 10-0 Nylon thread. 40 
[0057] Axon transport was observed by HRP staining, 
and physiological function was observed by cerebro- 
somatic sensory induction potential and induction elec- 
tromyograms immediately after or 1 , 2, 3 or 4 months 
after surgery. The rat was sacrificed and the form of the 45 
sciatic nerve was observed both macroscopically and 
optical-microscopically. 

[0058] A thick nerve trunk was regenerated one month 
after surgery, and a missing portion measuring 1.0-1.5 
mm was connected. Axon transport and physiological so 
function were both observed to recover two months 
after surgery. 

Industrial Applicability 

55 

[0059] The artificial tube for nerve of the present 
invention is able to retain its shape until the nerve fin- 
ishes regenerating. In addition, since it induces and pro- 



motes nerve regeneration, severed nerves regenerate 
faster and longer than in the case of conventional artifi- 
cial tube for nerve, the state of the regenerated nerve 
more closely approaches the normal state, and recov- 
ery of nerve function is also favorable. In addition, it can 
also be used as an artificial tube for spinal cord for 
regeneration and recovery of damaged spinal cord. 

Claims 

1. An artificial tube for nerve which comprises a tube 
having coating layers composed of gelatin or colla- 
gen on the inner and outer surfaces of tube com- 
posed of a material being biodegradable and 
absorbable in vivo, and a collagen body having cav- 
ities in its lumen which pass through said tube sub- 
stantially parallel to the axis of said tube; wherein, 
said cavities are filled with a matrix gel containing 
collagen, laminin, heparan sulfate proteoglycans, 
entactin and growth factor. 

2. The artificial tube for nerve according to claim 1 , 
wherein said tube is crosslinked, said collagen 
body in its lumen is in the form of a crosslinked col- 
lagen fiber bundle inserted so as to be substantially 
parallel to the axis of said tube, and cavities 
between said collagen fibers as well as cavities 
between said collagen fibers and said tube are filled 
with a matrix gel containing collagen, laminin, 
heparan sulfate proteoglycans, entactin and growth 
factor. 

3. The artificial tube for nerve according to claim 1 , 
wherein said tube is crosslinked, said collagen 
body in its lumen is in the form of a crosslinked col- 
lagen gel having cavities in the form of holes that 
pass through said tube substantially parallel to the 
axis of said tube, and said cavities are filled with a 
matrix gel containing collagen, laminin, heparan 
sulfate proteoglycans, entactin and growth factor. 

4. The artificial tube for nerve according to claim 1 , 
wherein said material being biodegradable and 
absorbable in vivo is a mesh material composed of 
a material selected from the group consisting of pol- 
yglycolic acid, polylactic acid, copolymer of glycolic 
acid and lactic acid, copolymer of lactic acid and e- 
caprolactone, polydioxanone and copolymer of gly- 
colic acid and trimethylene carbonate. 

5. The artificial tube for nerve according to claim 4, 
wherein said material being biodegradable and 
absorbable in vivo in the form of a mesh material 
has a mesh pore size of about 10-300 um 

6. The artificial tube for nerve according to claim 1, 
wherein said material being biodegradable and 
absorbable in vivo is composed of fine fibrous colla- 



BNSDOCIO: <EP 0945145A1J_> 



17 EP 0 945 145 A1 18 

gen, said tube coating layers are composed of col- 
lagen. 

7. The artificial tube for nerve according to claim 2, 
wherein each of the fibers of said collagen fiber 5 
bundle is coated with a matrix gel containing colla- 
gen, laminin, heparan sulfate proteoglycans, entac- 

tin and growth factor. 

8. A method for producing the artificial tube for nerve io 
according to claim 2 including following steps: pre- 
paring a tube having coating layers composed of 
gelatin or collagen on the inner and outer surfaces 

of the tube composed of a material being biode- 
gradable and absorbable in vivo; inserting a colla- 15 
gen fiber bundle substantially parallel to the axis of 
said tube, subjecting to aosshnkjng treatment, and 
filling a matrix gel containing collagen, laminin, 
heparan sulfate proteoglycans, entactm and growth 
factor into cavities between &a<j collagen fibers so 
within said tube and m:o cavrt»e* between said col- 
lagen fibers and said tube 

9. A process for producing the artiioal tube for nerve 
according to claim 3 including loll owing steps: pre- 25 
paring a tube having coating layers composed of 
gelatin or collagen on the inner and outer surfaces 

of the tube composed of a material being biode- 
gradable and absorbable in vivo inserting rod- 
shaped cores substantially parallel to the axis of 30 
said tube, filling said tube with a collagen solution, 
subjecting to crosslinking treatment, removing the 
cores, obtaining a tube having in its lumen a colla- 
gen gel in which cavities are formed in the form of 
holes that pass through said tube, and filling said 35 
cavities with a matrix gel containing collagen, lam- 
inin, heparan sulfate proteoglycans, entactin and 
growth factor. 
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